Retrosequences, genes, and pseudogenes originated by retrotranscription are frequent components of vertebrate genomes, but they have only occasionally been described in invertebrates. In Drosophila, very few retrosequences have been reported, among them those of alcohol dehydrogenase (Adh) and phosphoglyceromutase (Pglym). Although 52 Adh gene sequences are available for comparison, Adh retrosequences have been described only in the sibling species D. teissieri and D. yakuba (melunoguster subgroup) and in D. subobscuru (obscuru subgroup). Here, we report the presence of Adh retrosequences in two closely related species of D. subobscuru: D. mudeirensis and D. guunche. Extensive sequence comparisons with their functional paralogs suggest separate retrotranscriptional events: one in the melunoguster subgroup in the ancestor of D. teissieri and D. yukubu, and the other in the obscuru subgroup before the radiation of the lineages leading to D. subobscuru, D. mudeirensis, and D. guunche. In the former, the Adh retrotranscript originated a new expressed gene, named jingwei. However, in the obscuru Adh retrosequences, retention of codon bias and higher K, than K, values, both distinctive evolutionary features supporting functionality, have to be considered together with a frameshift, premature stop codons, and other nucleotide substitutions, which, added to the lack of the original promoter elements, suggest that they are pseudogenes. At least two different Adh retrosequences have been characterized in each of the obscuru species, and their phylogenetic analysis indicates that paralogs and their flanking genomic regions share a higher degree of similarity than orthologous sequences. Two alternative hypotheses could explain this current organization and structure: either a multiplication event occurred independently in each species, or gene conversion events should be invoked after a single duplication in the species ancestor. The significance of retrotranscriptional events in the evolution of invertebrate genomes is discussed.
Introduction
Alcohol dehydrogenase (Adh) is one of the best characterized genes in Drosophila. This locus has been intensely studied in D. melanogaster and also in many other species that belong to different radiations of the genus (Thomas and Hunt 1993; Russo, Takezaki, and Nei 1995 and references therein) . This information provides an excellent basis for evolutionary studies and the inference of phylogenetic relationships between closely related organisms and a better understanding of the molecular organization of the locus. To date, three different genomic organizations have been reported. For D. melanogaster and its relatives, a single structural gene consisting of three coding exons is under the developmental control of two independent alternative promoters. Immediately downstream lies Adh-dup, an Adh-related gene with an unknown function. Both genes, Adh and Adh-dup, clearly derive from a common ancestor, have similar exon-intron organization, and share considerable homology at nucleotide and amino acid levels. As this organization can be traced to such a distantly related species as Scaptodrosophilu Zebanonensis (Albalat and Gonzalez-Duarte 1993) , it may be considered the archetype of the genus.
A distinct type of organization is found in the Adh gene of D. willistoni: the second intron has been precisely excised, fusing the second and third exons (An-derson, Carew, and Powell 1993) . No sequence for the Adh-dup gene in these species has been reported so far.
Three clustered copies of the Adh gene have been described in several species of the virilis and repletu radiations: two of them are functional genes (Adh-1 and Adh-2), while the third is a genomic pseudogene (+-Adh) (Sullivan, Atkinson, and Starmer 1990; MenottiRaymond, Starmer, and Sullivan 199 1; Nurminsky et al. 1996) . No Adh-dup sequence has been reported.
A new type of Adh sequence, highly homologous to the functional gene, was reported in two close species of the melanogaster subgroup, D. teissieri and D. yakuba (Jeffs and Ashburner 1991) , and in D. subobscuru (Marfany and Gonzalez-Duarte 1992b) from the obscuru subgroup. The lack of introns and promoter regions suggested that these Adh sequences originated by retrotranscription of a functional gene and subsequently integrated into the genome. These events, albeit frequent in vertebrates, have seldom been reported in invertebrate genomes. These retrotranscriptional processes usually originate nonfunctional sequences (Li and Graur 1991) which are known as retropseudogenes or processed pseudogenes (Rogers 1985; Vanin 1985; Weiner, Deninger, and Efstratiadis 1986) . However, studies on D. teissieri and D. yakuba Adh retrosequences showed that the retrotranscript became part of a new coding unit by capturing upstream exons and promoter of an unrelated gene (Long and Langley 1993) . The new chimeric gene was named jingwei, and its function remains unknown. In contrast, the Adh retrosequences from D. subobscuru were described as nonfunctional and thus were considered retropseudogenes.
Here, we characterize the Adh retrosequences of D. madeirensis and D. guanche, close relatives of D. subobscuru, and analyze the similarity between them and their similarity quences.
to the previously reported Adh retrose-
Materials and Methods

Library Screening
A&-homologous sequences were isolated from D. guanche and D. madeirensis genomic libraries according to the methods described in Marfany and GonzalezDuarte (1993) . The probe used was a l.l-kb Hind111 restriction fragment containing the complete D. subobscura Adh gene (Marfany and Gonzalez-Duarte 1992a) .
DNA Mapping and Sequencing
Positive clones were characterized by restriction mapping using standard techniques. The clones with a map similar to the functional Adh gene (Marfany and Gonzalez-Duarte 1993) were not considered. Adh-homologous sequences were located on the restriction map after Southern blot analysis and subcloned into the Bluescript phagemid (Stratagene). DNA sequencing was performed on double-stranded DNA by the dideoxy method of Sanger, Nicklen, and Coulson (1977) with [(w-35S] dATP (NEN-DuPont) and modified T7 phage polymerase (Sequencing Kit from Pharmacia-LKB). Long regions were sequenced either using a set of internal primers or by performing series of nested deletions using the method of Henikoff (1984) . Each nucleotide was sequenced several times in each direction. Nucleotides 1-123 of the D. madeirensis-R2 Adh retrosequence were obtained by direct sequencing of the PCR product from D. madeirensis genomic DNA using a forward primer of a conserved leader region and a reverse primer of the inverted repeat sequence, so that only the R2 sequence could be amplified. The reaction conditions were: first denaturing step 2 min, 94 "C, then 35 cycles of 1 min, 94 "C; 1 min, 50 "C; 2 min, 72 "C (Taq polymerase was obtained from Promega). with an inverted repeat sequence (Marfany and Gonzalez-Duarte 1992b) , using the same conditions as those for library screening.
DNA Sequence Analysis
Sequence alignments were determined either using the GAP program in the Sequence Analysis Software Package of the Genetics Computer Group-University of Wisconsin (Devereux, Haeberli, and Smithies 1984) or with CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) , and, finally, they were checked by eye. Aligned sequences are available from the ftp site porthos.bio.ub.es/ pub/incoming/Adhretrosequences.
Drosophila madeirensis and D. guanche Adh retrosequences are available in the GenBank/EMBL Data Library under the accession numbers U68469 (0. guanthe-Rl), U68470 (D. guanche-R2), U68471 (0. madeirensis-Rl), and U68472 (D. madeirensis-R2).
The Kimura's (1980) two-parameter method, and phylogenetic inference was estimated by the neighbor-joining (NJ) method (Saitou and Nei 1987) using the MEGA computer program (Kumar, Tamura, and Nei 1993) . The estimates of the branch lengths of NJ trees were determined by the least-squares method, and the bootstrap test (1,000 replications) was conducted by MEGA. KS and K, values were also computed by MEGA. Analyses of codon bias (%G+C in the third codon position, x2 scaled [Shields et al. 19881, and CBI [Morton 19931) were performed with a program provided by J. M. Comeron.
Results
Isolation of Adh Retrosequences
Drosophila madeirensis and D. guanche genomic libraries were screened for Adh-homologous sequences, and several positive clones were isolated and analyzed. The restriction map of these positive clones allowed us to identify different patterns ( fig. 1 ) and to discard those that contained the functional Adh gene. The D. madeirensis library yielded one positive clone with a different restriction map from the functional gene. Two Adh-homologous sequences with an inverted orientation were contained in this single clone. On the other hand, D. guanche produced three positive clones different from the functional gene. One of them was incomplete and thus was not used for sequence comparisons, although it is depicted in figure 1 as D. guanche-R3.
In situ hybridization analysis on polytene chromosomes (Visa et al. 1991) indicated the existence of two Adh-homologous regions in D. madeirensis (chromosomes U and E) and three in D. guanche (chromosomes U, E and 0). These studies, together with comparison of cytological map positions with D. melanogaster and genetic linkage data, located the functional gene close to the U centromere. The other regions corresponded to the Adh retrosequences (Visa et al. 1991) .
Analysis of the Adh Retrosequences
The and, consequently, these sequences may be considered retrosequences (Hull and Will 1989; Temin 1989; Li and Graur 1991) . The coding frame of the D. guanche retrosequences showed some important changes, as in both Rl and R2, the ATG initiation codon was substituted by a CTG codon. The other major change in the coding region was a stop codon at position 679 of D. guanche-Rl. In contrast, the coding frames of the D. madeirensis retrosequences were not interrupted by any stop codon. The structure and sequence of these Adh retrosequences were compared with those of the corresponding functional gene and with those of the Adh retrosequences of their close relative D. subobscuru (Marfany and Gonzalez-Duarte 1992b) . DNA sequencing was performed on both strands and each of the major changes (stop codons, frameshifts, and other point mutations) were checked accurately.
Given that the retrotranscriptional events use mRNA as template, sequence similarity with the Adh functional gene should not be restricted to the coding sequence, but should comprise the 5' leader and 3' trailer regions. In fact, a truncated leader and a trailer sequence containing different indels were present in all of these retrosequences, as depicted in figure 3 . A more detailed comparison analysis was performed and is available on request. However, the Adh retrosequences from different species were more similar to one another than to their corresponding functional paralogs (see also the Phylogenetic Analysis section).
When retrosequences were compared, similarity extended to the flanking genomic regions (beyond the retrotranscribed Adh sequence), which could also be aligned and compared ( fig. 3 ). The length of aligned sequences was variable, depending on the pairwise comparison. Retrosequences were much more similar intrathan interspecifically, the extreme case being D. mud -A  CCCATGAAGC  TCAAGTGGGG  GGAACGGGGC  GTTAAGACTT  TGAAGGATT;  CCAAAAGAAA  AACGAC&?&CACTCAC   C  AA  AAACAAGAAT  GTTGTTTTCG  TGGCTGGTCT  GGGATGCATT  GGCATGGACA  CCAGCCGGGA  GTTGGTTAAG  CGTGATCTGA   C  CA  C  GCC  T  AGAACCTGGT  CATCCTGGAT  CGCATTGAGA  ATCCAGATGC  CATTGCCGAA  CTGAAGGAAC  TGAATCCCAA  GGTGAAGGTC   GC A  A  T  ACCTTCTTTC  CTTATGATGT  GACTGCACCT  CTCGCAGAGA  CCAGCGAACT  CCTGAAGTGC  GTCTTTTCCC  AGATCAAGAC   G  T  CGTCGATGTC  CTGATCAACG  GTGCTGGCAT  CCTGGACGAT  CATCAGATCG  AGCGTACCAT  TGCCGTTAAC  TACACTGGCC   c  c  TGGTCAACAC  CACCACAGCC  ATTATGGAGT  TCTGGGACAA  GCGCAAGTGC  GGCCCAGGTG  GCATCATTTG  CAACATTGGC   T  TCCGTTACCG  GCTTTAATGC  CATCTACCAG  GTGCCCGTTT  ACTCTGGCAG  CAAGGCGGCG  GTGGTTAACT  TCACCAGCTC   C  CCTGGCGAAA  CTTGCACCCA  TCACTGGAGT  CACCGCATAC  ACTGTGAATC  CTGGCATCAC  CAAGACCACT  CTGGTGCAGA  *   AATTCAACTC  GTGGCTGGAT  GTGGAGCCCA  AGGTGGCGGA  GAAGCTGCTG  GAGCATCCCA  CCCAGACCAC  TCAGCAGTGT   C  A  T  GGCAAGAACT  TTGTCAAGGC  CATTGAGATG  AACCAGAACG  GTGCCCTCTG  GAAATTGGAC  TTGGGAACTC  TGGAGCCCAT   CAAATGGACC  AAG;ACTGGG  ATTCGGGCAT  CtTAAJZCCCTT CAAGGGACAC  GGCTTTTAGG  TTTTAGCTTC  GCTTTTCCAC   881  TCAATTGGAA  CGAGGCTGAT  TTGATTCTCT  TT&TTAAA  TGGCGCTTAA Dotted lines correspond to the 3' region, which can be aligned only in the D. guanche retrosequences.
Thick arrows represent the inverted repeat sequence unit. Indels are indicated by vertical arrows above each region with the number of nucleotides involved (-, deletion; +, insertion). Important point mutations, such as the deletion of 1 nt in the coding region causing a frameshift, the positions of new stop codons, and mutated initiation codons are also depicted. The diagram is not to scale.
eirensis-Rl and -R2, which bore no differences in the Adh coding region.
Identification
of an Inverted Repeat Sequence mous (K,) sites were calculated after alignment of the coding sequences using the MEGA computer program ( fig. 4 ).
In D. madeirensis, the two inverted Adh retrosequences were separated by a spacer region, which bore great similarity to the inverted repeat previously located next to the Adh retrosequences of D. subobscura (Marfany and Gonzalez-Duarte 1992b) . In this latter species, an inverted repeat of 192 bp, which belongs to a middle repetitive DNA family, was putatively involved in the retrotranscriptional event. Only one of these repeats was found next to the D. madeirensis Adh retrosequences, and none was found near the D. guanche counterparts. However, we collected strong evidence that a similar repeat was also present in the D. guanche genome, as a Southern genomic blot of species from different Drosophila groups (obscura, melanogaster, repleta, virilis) probed with this DNA fragment yielded multiple banding patterns in the obscuru species that showed Adh retrosequences and no hybridization in the other species (data not shown).
Comparisons
of functional sequences should give higher values for synonymous than for nonsynonymous substitutions due to functional constraints. In contrast, nucleotide changes in pseudogenes are expected to be free from these constraints, so K, and K, values should be very similar. As expected, the ratio KS/K, for the functional genes showed that synonymous sites evolved much faster (ranging from lo-to 20-fold) than did nonsynonymous sites ( fig. 5 ) and produced the highest values of this matrix. The only exception was the pairwise comparison of D. madeirensis and D. subobscura. This could be explained by the very low number of substitutions between these species in the Adh functional gene (only four), which could have biased this analysis (Marfany and Gonzalez-Duarte 1993).
Sequence Analysis and Evolution of the Adh Retrosequences
The obscuru retrosequences were not more similar to the melunogaster retrosequences than to the functional genes of this group and yielded comparably high KS/ Ka values (ranging from 7 to 1 l), thus supporting independent retrotranscriptional origins for the melanogaster and obscuru retrosequences. b x2 scaled for the use of synonymous codons (Shields et al. 1988 ). c Codon bias index (Morton 1993) , whose values range from 0 to 1 for
Drosophila
Adh genes show high codon bias (Starmer and Sullivan 1989) , which has frequently been correlated with low KS values (Shields et al. 1988 ). In the melunogaster subgroup species, high G+C content in the third codon position (over 80%) has been reported. Drosophila yakuba and D. teissieri Adh retrosequences also show high codon bias, comparable to that of their functional paralogs. In the obscuru species, retrosequences and functional genes show similar codon bias (table 1) and %G+C in the third codon position. This has been confirmed by different codon bias tests, such as CBI and x2 scaled, which would suggest that retrosequences follow an evolutionary pattern similar to that of their functional Adh genes.
Adh
Phylogenetic Analysis random and maximal codon bias, respectively.
quences (KS being twice to four times higher than K,). Comparisons between the obscuru retrosequences and with their functional paralogs gave similar K, and K, values, producing a K,IK, ratio ranging from 1 to 3, the only exceptions being D. subobscuru-R2 with D. madeirensis-Rl and -R2, which gave higher KS/K, ratios. Sequence divergence analysis was extended beyond coding regions to leader, trailer, and even flanking genomic regions. The Adh coding sequence of the retrosequences showed a high sequence conservation and was diverging more slowly than the surrounding regions (ranging from 0% to 6% of divergence), with no indels but for a 1-nt deletion in D. subobscura-Rl.
The short leader sequences (only 18 bp) showed many nucleotide substitutions, reflected in a higher divergence percentage (lo%-20%).
Trailer sequences, however, were less divergent (2%-15%) but had accumulated more indels, which affected long stretches of nucleotides (20-40 bp). Finally, the genomic flanking regions, with several inThe Adh coding sequence of the two retrosequences reported in this work (0. madeirensis-Rl and -R2, and D. guanche-Rl and -R2) have been aligned to the already described retrosequences (D. teissieri, D. yakuba, and D. subobscura-Rl and -R2) as well as to all their functional paralogs. Drosophila Zebanonensis Adh sequence was used as the outgroup in all the phylogenetic analyses, as it has been considered a true outgroup for many drosophilid species (Russo, Takezaki, and Nei 1995) .
Estimates of Kimura's two-parameter distances used to construct an NJ tree and their standard errors are presented in figure 6 for all pairs of 14 drosophilid Adh-homologous sequences. The NJ tree with bootstrap confidence level (from 1,000 replications) is shown in figure 7 . An NJ tree was also constructed using Jukes and Cantor's (1969) distance but, as the topology was the same, it is not shown here.
According to the phylogenetic tree ( fig. 7) , all of the retrosequences of the obscuru subgroup and their functional paralogs clustered, forming two branches. One contained all the functional Adh genes, and the oth- er contained the retrosequences from all the different species, which thus retained more similarity between them than to their corresponding functional genes. The topology of the NJ tree seems to support the model of a common ancestor for all the obscuru Adh retrosequences, originated by a single retrotranscriptional event before the speciation of D. guanche, D. subobscura, and D. madeirensis. The phylogenetic relationship between the retrosequences of the obscuru subgroup was very similar to that obtained with the functional Adh genes, which was also consistent with previously reported phylogenetic analysis using the Adh sequences (e.g., Russo, Takezaki, and Nei 1995) . Moreover, in the retrosequence branch, intraspecific sequences clustered, thus confirming the data coming from the sequence and structure analyses of their flanking regions.
A similar two-branched pattern appeared in the melunogaster subgroup species, with one branch containing the functional genes and the other containing their retrosequences.
Again, the higher similarity shared between the D. yakuba and D. teissieri retrosequences than with their functional counterparts points to a single ancestor sequence (Jeffs and Ashburner 1991; Jeffs, Holmes, and Ashburner 1994) that was different from the ancestor of the obscuru retrosequences.
The high bootstrap values obtained strongly support this hypothesis.
Discussion
Despite the existence of reverse transcriptase activity in Drosophila from different types of retrotransposons (Finnegan 1989) , very few retrosequences have been reported, among them the Rh4 opsin gene of D. virilis (Neufeld, Carthew, and Rubin 1991) , Pglym 87 of D. melanogaster (Currie and Sullivan 1994) , and the Adh retrosequences of D. teissieri, D. yakuba (Jeffs and Ashburner 1991) , and D. subobscuru (Marfany and Gonzalez-Duarte 1992b) . The Adh-related sequences isolated in D. madeirensis and D. guanche lack introns, which have been precisely removed, and therefore it seems highly likely that these sequences arose through retrotranscription from an Adh transcript. Additional support is provided by the presence of leader-and trailer-derived sequences and the absence of the original promoter elements.
Phylogenetic sequence analyses of all the Adh retrosequences reported to date allowed us to study their origins and evolutionary relationships. According to the topology produced, two independent retrotranscriptional events occurred in different lineage branches: one in the ancestor of D. teissieri-yakuba (in agreement with Jeffs, Holmes, and Ashburner 1994) and the other before the divergence of D. subobscura-madeirensis-guanche species. Despite the existence of different Adh retrosequences in each obscuru species, the phylogenetic tree strongly suggests that a single retrotranscriptional event took place in this lineage. Adh retrosequences in the obscuru species shared higher similarity within than between species. Sequence alignment and similarity also extended to the genomic flanking regions. Two alternative hypotheses could explain the current organization: either genomic duplication processes arose independently in each species, or duplication occurred shortly after the retrotranscriptional event, followed by concerted evolution in each species.
Several mathematical procedures have been developed to estimate the time of gene duplication and pseudogene formation, but the values obtained should be considered cautiously, especially when dealing with such a complex tree. Matsuo and Yokoyama (1990) proposed a model based on two rates which they considered constant throughout the evolution of a particular sequence and its derivatives: the rate of nonsynonymous substitutions in functional genes and the rate of substitutions in these same sites for duplicated sequences. Drosophila Zebanonensis Adh was used as the outgroup, as the time of divergence for the ancestor of this species and the rest of the Drosophila radiations had been placed some 40 MYA (Russo, Takezaki, and Nei 1995) . Our data show that the timing of the retrotranscriptional event in the obscuru species ranges between 6 and 9 MYA, while the timing in the melanogaster species is approximately 10 MYA. As the branching of the melanogaster and obscuru subgroups (according to geographical and molecular data) was dated between 20 and 25 MYA (Throckmorton 1975; Russo, Takezaki, and Nei 1995) , the radiation leading to D. yakuba-D. teissieri between 4 and 7 MYA and the radiation producing D. suboscura, D. madeirensis, and D. guanche, between 3 and 6 MYA, these hypothetical timings agree with two independent retrotranscriptional events in the ancestors of the two lineages.
We have gathered conflicting evidence about the putative functionality of these retrosequences. Retrotranscribed sequences are usually nonfunctional, because they do not carry the information for the appropiate transcription (Li and Graur 1991) . The only known functional retrogenes were originated when the integration event brought the cDNA copy close to a promoter (Soares et al. 1985; Boer et al. 1987; Ashworth et al. 1990) or fused it with a preexisting gene (as appeared in jingwei; Long and Langley 1993) , or when the transcript used as template had been substantially elongated at the 5' end (as seems to have happened with the D. virilis Rh4 opsin gene; Neufeld, Carthew, and Rubin 1991) . Inspection of the 5' region flanking the Adh retrosequences of the obscura species did not show any remnant similar to the original promoter sequence or structural homologies with an already-identified coding sequence. Nevertheless, we cannot discard the idea that these retrosequences might have captured a new promoter and might be transcribed. The nonfunctionality of obscura retrosequences is further supported by major structural changes in some of them: D. guanche-Rl and -R2 have CTG instead of the initial ATG codon; D. guanche-Rl also shows a substitution that originates a premature stop codon, and D. subobscuru-Rl has a lnt deletion that causes a frameshift, which generates an early stop. However, D. madeirensis-Rl and -R2 and D. subobscura-R2 have retained the open reading frame.
Due to functional constraints, molecular evolution of functional sequences usually shows higher K, than K, rates. Pseudogenes, devoid of function, are expected to evolve neutrally, and therefore the KS and K, rates should be very similar. Drosophila teissieri and D. yakuba Adh retrosequences showed much higher KS/K, values than expected for nonfunctional sequences (Jeffs and Ashburner 199 1). A plausible interpretation for this pattern of evolution was offered when they were shown to be integrated into a preexisting gene, now named jingwei. In our analysis, the KS/K, ratio of the obscura Adh retrosequences produced different values, depending on the pairwise comparison.
All retrosequences compared with the functional Adh genes gave KS/K, values ranging from 1 (as expected for pseudogenes) to 3 (very moderate selection), but comparisons between the three retrosequences which had retained an intact coding frame, D. madeirensis-Rl and -R2 and D. subobscura-R2, yielded K,IK, values close to those of functional genes (KS being eightfold K,).
Retrosequences appear to be evolving faster than their corresponding functional counterparts, as reflected by the branch length of the phylogenetic tree. Nonetheless, their coding sequences are diverging two to three times more slowly than the leader, trailer, and neighboring genomic regions.
Thus, support for retrosequences being functional or having been inactivated recently is provided by several aspects of their molecular evolution, including preservation of the coding frame in three of them, retention of codon bias, higher sequence conservation in coding than in flanking noncoding regions, and high K,IK, ratios in some pairwise comparisons. This peculiar pattern of molecular evolution has also been reported in other Drosophila pseudogenes, such as the PgZy)m retrosequence of D. melanogaster (Currie and Sullivan 1994 ) and the Adh genomic pseudogene of some repleta species ). Yet, in these repleta species, no ORF of significant length has been retained in the Adh pseudogenes, which makes any clear evolutionary interpretation of these data difficult. From analysis of present data, two different hypotheses can be put forward to explain the present organization and evolution of the obscura Adh retrosequences, neither of which seems fully conclusive. The structural data, showing significant point mutations and loss of original promoter elements, would point to these retrosequences as being pseudogenes, while aspects of their molecular evolution seem to imply that at least three of them, D. suboscura-Rl and D. madeirensis-Rl and -R2, might have retained some functionality.
The characterization and analysis of other retrotransposed sequences may reveal new features of Drosophila genome evolution not yet understood.
